Hepatic glucokinase (GK) catalyzes the phosphorylation of glucose to glucose 6-phosphate (G6P), a step which is essential for glucose metabolism in liver as well as for the induction of glycolytic and lipogenic genes. 
Hepatic glucokinase (GK) 1 catalyzes the phosphorylation of glucose to glucose 6-phosphate (G6P), a key step of glycolysis, glycogen synthesis, and pentose phosphate pathway (1) . Even small changes in the expression of hepatic GK have a very measurable impact on the blood glucose concentration in transgenic mice (2) (3) (4) . In cultured hepatocytes, adenovirus-mediated overexpression of GK elevates intracellular G6P concentrations, which trigger an increase in both glycolysis and glycogen synthesis (5) . Furthermore, we have previously shown that hepatic GK knockout mice (hGK-KO mice) display mild basal hyperglycemia and exhibit a profound defect in liver glycogen synthesis and in glucose turnover rate during hyperglycemic clamp studies (6) .
The major function of glycolysis in liver is to provide carbons from glucose for de novo lipid synthesis. The synthesis of fatty acids from glucose is nutritionally regulated, and it has been proposed that two signaling pathways elicited in response to dietary carbohydrates play a synergic role in regulating glycolytic (L-pyruvate kinase (L-PK)) and lipogenic gene expression (acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), and Spot 14) (7) . Indeed, the transcriptional induction of L-PK (8) , ACC, and FAS (9, 10) requires both glucose metabolism and insulin, and it is widely thought that the role of insulin is to induce GK gene expression, which is then essential for subsequent glucose phosphorylation (1, 7) .
In the past few years, sterol regulatory element-binding protein-1c (SREBP-1c) has emerged as a major mediator of insulin action on hepatic GK (11) and lipogenic gene expression (7, 12) . Indeed, SREBP-1c, which is induced by insulin in primary cultures of hepatocytes (13) , is able to induce lipogenic genes by its capacity to bind to the sterol regulatory element (SRE) present in their promoters (14 -16) . Since a glucose-or carbohydrate-response element (ChoRE) was also identified in both glycolytic and lipogenic genes through promoter mapping analysis (17) (18) (19) , it remains to be determined whether glucose metabolism, which could account by itself for the induction of these genes, is necessary for the transcriptional effect of SREBP-1c. In addition, the recent identification of a glucoseresponsive transcription factor named ChREBP (carbohydrate responsive element-binding protein) (20) has shed light on the possible mechanism whereby glucose affects gene transcription and further supports the hypothesis that glucose acts through a distinct, but synergic, signaling pathway through insulin to regulate glycolytic and lipogenic gene expression in liver.
These studies were undertaken: 1) to elucidate the role of the hepatic GK in the control of the transcriptional regulation of glycolytic and lipogenic gene expression by glucose, 2) to test whether the stimulatory effect of SREBP-1c is linked to glucose metabolism via GK, and 3) to determine the direct implication of ChREBP in mediating glucose signaling in liver. For this purpose, nutritional regulation studies were performed in hepatic-specific GK knockout mice (hGK-KO mice) (6) . An adenovirus expressing a dominant positive form of SREBP-1c was used in vivo and in primary cultured hepatocytes, to determine whether glucose metabolism via GK is necessary for the maximal induction of glycolytic and lipogenic gene expression by SREBP-1c. In addition, ChREBP "knock-down" experiments using small interfering RNA (siRNA) were performed in control hepatocytes to determine the direct implication of this transcription factor in glucose signaling.
We found that hepatic GK is necessary for the activation of glycolytic and lipogenic gene expression in liver, and that the synergistic action of SREBP-1c and glucose metabolism via GK is necessary for the maximal induction of L-PK, ACC, FAS, and Spot 14 gene expression. This study also reveals that ChREBP gene expression is decreased in hepatocytes from hGK-KO mice and that ChREBP gene silencing in control hepatocytes abolishes the glucose effect on L-PK, FAS, and ACC, providing the first direct evidence (in a physiological context) that ChREBP mediates glucose signaling on both glycolytic and lipogenic gene expression in liver.
EXPERIMENTAL PROCEDURES
Animals-3-5-month-old control (gk lox/lox ) or hepatic glucokinasenull (gk lox/lox ϩ Alb-cre or hGK-KO) male mice (6) bred into a C57BL/6J genetic background at least for 9 generations were used for this study. All mice were housed in colony cages with a 12-h light/dark cycle. All procedures were carried out according to the French guidelines for the care and use of experimental animals. Mice had free access to water and food (in terms of energy: 65% carbohydrate, 11% fat, 24% protein, UAR).
Nutritional Studies-For the fasting and refeeding studies, mice from each genotype were divided into two groups. One was fasted for 24 h, and the refed group was fasted for 24 h and then refed for 18 h with a high carbohydrate diet (in terms of energy: 72.2% carbohydrate, 1% fat, 26.8% protein). After intraperitoneal pentobarbital anesthesia (70 mg/kg body weight), livers from mice of both genotypes were rapidly sampled, frozen in liquid nitrogen, and kept at Ϫ80°C until RNA extraction or metabolic assays.
Analytical Procedures-The concentration of plasma insulin was determined by radioimmunoassay using a rat insulin radioimmunoassay kit (Diasorin). The binding reactions were modified to perform the assay on 10 l of plasma.
Primary Culture of Hepatocytes and Treatment with Recombinant Adenovirus-Hepatocytes were isolated from the livers of fed mice by a modification of the collagenase method (21) . Briefly, livers from control and hGK-KO mice were perfused with Hank's balanced salt solution (HBSS, KCl, 5.4 mM; KH 2 PO 4 , 0.45 mM; NaCl, 138 mM; NaHCO 3 , 4.2 mM; Na 2 HPO 4 , 0.34 mM; glucose, 5.5 mM; HEPES, 1 M; EGTA, 50 mM; CaCl 2 , 50 mM; pH 7.4). Livers were washed at a rate of 5 ml/min using the portal vein before collagenase (0.025%) was added. Cell viability was assessed by the trypan blue exclusion test and was always higher than 60%. Hepatocytes were seeded at a density of 2 ϫ 10 6 cells (in 60-mm Petri dishes for RNA extraction) or 5 ϫ 10 6 cells (in 100-mm Petri dishes for metabolite concentration assays) in medium M199 with Earle salts (Invitrogen), supplemented with 10 g/ml of streptomycin, 100 units/ml of penicillin, 2.4 mM of glutamine, 0.1% (w/v) bovine serum albumin, 2% (v/v) Ultrocer G (Invitrogen), 100 nM dexamethasone (Soludecadron, Merck Sharp), and 100 nM insulin (Actrapid, NovoNordisk). After cell attachment (6 h), the medium was replaced by fresh M199 medium for 24 h. Hepatocytes were then incubated for 120 min at 37°C in 1 ml of M199 medium with 1 plaque-forming unit per cell (pfu/cell) of either adenovirus null (Ad-null) or adenovirus SREBP-1c (Ad-SREBP-1c), in the presence of 5 or 25 mM glucose. Then fresh medium was added, and cells were maintained in culture for 24 h; the efficiency of the adenoviral infection always approximated 90%. The adenovirus vector containing the transcriptionally active N-terminal fragment (amino acids 1-403c) of SREBP-1c (Ad-SREBP-1c) was previously described (13) . The adenovirus vector containing the promoter with no exogenous gene (Ad-null) was used as a negative control (13) .
Injection of Recombinant Adenovirus-Twenty-four hours fasted control and hGK-KO mice were anesthetized with isoflurane (Belamont, France) prior to the injection through the penis vein with 10 9 pfu of either Ad-null or Ad-SREBP-1c in a final volume of 200 l of sterile phosphate-buffered saline. Mice were studied 18 h after the injection (between 8:00 and 10:00 a.m). Livers were then removed and frozen immediately in liquid nitrogen. Blood samples were taken by heart puncture for both glucose and insulin measurements.
Small Interfering RNA Preparation and Transfection Protocol-21-nucleotide RNA with 3Ј-dTdT overhangs was synthesized using 2Ј-O-ACE-RNA phosphoramidites by Dharmacon Research (Lafayette, CO) in the "ready to use" option, in deprotected and desalted form. The siRNA sequence targeting mouse ChREBP (GenBank TM accession number, AF156604) was from position 747 relative to the start codon. The AA-N19 mRNA targets were 5Ј-UGUUGGCAAUGCUGACAUG-3Ј for ChREBP siRNA and 5Ј-AUCGAUCGAUCGAUGUGUG-3Ј for scrambled siRNA.
Primary cultures of control hepatocytes were transiently transfected with siRNA duplexes using the technique described by Boussif et al. (22) . Briefly, after cell attachment, the medium was replaced by fresh M199 medium for 24 h. Control hepatocytes were then transfected with 200 pmol of either ChREBP or scrambled siRNA and polyethylenimine (PEI) in M199 medium, supplemented with 100 mM dexamethasone and 100 nM insulin, in the presence of 5 mM glucose. Transfection was accomplished by dilution of PEI and siRNA in 50 l of NaCl (150 mM). In order to increase the efficiency of transfection, 30 pfu/cell of Ad-RSVnlsLacZ (Rous sarcoma virus promoter driving the nlsLacZ gene) was added simultaneously to the hepatocytes (23) . After transfection (5 h), the medium was changed, and control transfected hepatocytes were cultured for 24 h in M199 medium supplemented with 100 mM dexamethasone and 100 nM insulin. Then, fresh M199 medium was added for 24 h, in the presence of 5 or 25 mM glucose, 100 mM dexamethasone, and 100 nM insulin.
Enzyme Activities-GK activities were measured in cell extracts prepared from cultured hepatocytes. Around 8 ϫ 10 6 cells were lysed in 500 l of homogenization buffer consisting of 50 mM triethanolamine hydrochloride (pH 7.3), 100 mM KCl, 1 mM dithiothreitol, 5% glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1 g/ml pepstatin A, 1 g/ml leupeptin. Homogenates were collected in Eppendorf tubes, incubated for 10 min on ice with PEG 25%, and then centrifuged at 10, 000 ϫ g for 15 min at 4°C. Glucose phosphorylating activities were measured by an enzymatic method that measures the production of NADPH from NADP ϩ in the presence of glucose 6-phosphate dehydrogenase (G6PDH) (Roche Applied Science), in the presence of either 100 mM glucose and 0.5 mM glucose, to distinguish HK from GK activity. The assay buffer contained 100 mM triethanolamine hydrochloride (pH 8), 40 mM MgCl 2 , 200 mM KCl, 2 mM dithiothreitol, 0.2% bovine serum albumin, 5 mM ATP, 1 mM NADP, and 30 units/ml of G6PDH. The phosphorylating capacity obtained at 0.5 mM glucose is considered the hexokinase activity, whereas the subtraction of activity measured at 100 mM glucose from the activity measured at 0.5 mM glucose is considered the glucokinase activity of the extract. Glucose phosphorylating activity was taken as the increase in NADPH absorbance measured at 340 nm after 3 min at 25°C, expressed in milliunits per mg of protein. Protein concentration was measured using the Bradford method (Bio-Rad, Laboratory) using bovine serum albumin as standard.
Measurement of Glucose 6-Phosphate and Glycogen Concentrations-G6P concentrations were determined in cell extracts prepared from cultured hepatocytes or from liver samples by an enzymatic method (24) . Briefly, after removing the culture medium, 10 ϫ 10 6 cells were scraped or 200 mg of livers were homogenized into 1 ml of 4% (v/v) ice-cold perchloric acid. After centrifugation (10 min at 3000 ϫ g), the acid supernatant was neutralized and used for spectrophotometric determination of both G6P and glycogen concentrations. A 500-l aliquot was used for spectrophotometric determination of G6P in 0.4 M trieth-anolamine hydrochloride, pH 7.6, 0.5 M Mg 2ϩ containing 24 mM of NADP ϩ . The increased absorbance at 340 nm after addition of 30 units/ml of G6PDH was measured. Results were expressed as nmol of G6P/10 6 cells or as nmol of G6P/mg of liver weight. In liver samples, glycogen from the neutralized supernatant was digested (1 h at 55°C) with 40 units/ml of ␣-(1-4)-(1-6)-amyloglucosidase (Roche Applied Science). Glycogen concentration in liver samples was measured by a colorimetric method using the peridochrom glucose kit reagent (Roche Applied Science), and results were expressed as mg of glycogen/mg of liver weight. Glycogen content in cultured hepatocytes was measured by an enzymatic method. Briefly, after digestion by the ␣-(1-4)-(1-6)-amyloglucosidase, 100 l of each sample were incubated with 1 ml of Tris buffer (0.1 M, pH 8.5) for 10 min at 25°C with 2 mM NADP, 4 mM MgCl 2 , 1 mM ATP, and 30 units/ml of G6PDH. Glycogen concentration was quantified by measuring the change in absorbance at 340 nm, 10 min after addition of 30 units/ml of hexokinase (Roche Applied Science). A glucose solution (1 g/liter) was used as standard. Results were expressed as nmol of glycogen/10 6 cells. Measurement of Xylulose 5-Phosphate-Xylulose 5-phosphate (X5P) concentrations were determined in cell extracts prepared from cultured hepatocytes by an enzymatic method (9) . Briefly, X5P, from the neutralized supernatant previously used for G6P and glycogen determination, was assayed spectrophotometrically in a reaction using transketolase (EC 2.2.1.1) (Sigma) in the presence of ribose 5-phosphate, thiamine pyrophosphate, MgCl 2 , coupled to triosephosphate isomerase and ␣-glycerophosphate dehydrogenase (Sigma) in the presence of NADH. The decreased absorbance at 340 nm after addition of 20 units/ml of transketolase was measured. Results were expressed as nmol of X5P/10 6 cells. Isolation of Total RNA and Northern Blot Analysis-Total cellular RNAs from whole liver were extracted by using the guanidinium thiocyanate method (25) , and RNA from cultured hepatocytes were extracted using the RNeasy kit (Qiagen). Northern blot analyses were performed as described previously (3) . Labeling of each DNA probe with [␣-32 P]dATP was performed by random priming (Megaprime labeling kit, Amersham Biosciences). Autoradiograms of Northern blots were scanned and quantified using an image processor program (Chemi Genius). The GK probe was a 2000 bp EcoRI-EcoRI insert from pUC-GK1 (26) . The L-CPT I probe was an EcoRI-EcoRI insert from subclone p61a (27) . FAS, ACC, L-PK, SREBP-1, and Spot 14 cDNAs were obtained by reverse transcriptase polymerase chain reaction. The PCR primers used were as follows: for FAS, sense, 5Ј-GGCTTTGGCCTGG-AACTGGGCCCGGTGGCT-3Ј; antisense, 5Ј-TCGAAGGCTACACAAG-CTCCAAAAGAATA-3Ј; for ACC, sense, 5Ј-GGGACTTCATGAATTTG-CTGATTCTCAGTT-3Ј; antisense, 5Ј-GTCATTACCATCTTCATTACCT-CAATCT-3Ј; for L-PK, sense, 5Ј-CCCAGGAGCTGGGCACTGCCTTCT-TCCAGC-3Ј; antisense, 5Ј-AGCCCGTCGTCAATGTAGATGCGCCCC-CCCAC-3Ј; for SREBP1, sense, 5Ј-TCAACAACCAAGACAGTGACTTC-CCTGGCC-3Ј; antisense, 5Ј-GTTCTCCTGCTTGAGCTTCTGGTTGCT-GTGTG-3Ј; and for Spot14, sense, 5Ј-GCAGCCATGCAAGTGCTAACG-AAAC-3Ј; antisense, 5Ј-ATGGAAGAGAAGTTGGGAATCACAA-3Ј. Ethidium bromide stained 18 S RNA was used as loading control to normalize the signal obtained for a given gene.
Analysis of mRNA Expression by Real-time Quantitative PCR-Total
RNA (500 ng) was reverse-transcribed for 1 h at 42°C in a 20-l final volume reaction containing 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 250 mM random hexamers (Promega), 250 ng of oligo(dT) (Promega), 2 mM of each dNTPs, and 100 units of superscript II reverse transcriptase (Invitrogen). Real-time quantitative PCR analysis was performed starting with 6.25 ng of reverse-transcribed total RNA, in a final volume of 10-l PCR reaction, with 0.5 M of each primer (Invitrogen), 2 mM MgCl 2 , using 1ϫ light cycler DNA Master SYBR Green I mix in a light cycler instrument (Roche Applied Science). Samples were incubated in the light cycler apparatus for an initial denaturation at 95°C for 10 min, followed by 40 cycles. Each cycle consisted of 95°C for 15 s, 58°C for 7 s, and 72°C for 15 s. The specific primers used are described in Table I . SYBR Green I fluorescence emission was determined after each cycle. The relative amounts of the different mRNAs were quantified by using the second derivative maximum method of the light-cycler software. Cyclophilin was used as an invariant control, and the relative quantification for a given gene was corrected to the cyclophilin mRNA values. Amplification of specific transcripts was confirmed by melting curves profiles generated at the end of each run. PCR specificity and product length were further checked by agarose gel electrophoresis and ethidium bromide staining.
Preparation of Nuclear Extracts and Immunoblot Analysis-Nuclear and cytoplasmic extracts were prepared from livers of control and hGK-KO mice using the NE-PER nuclear and cytoplasmic extraction reagent kit (Pierce), according to the manufacturer's instructions. Proteins from nuclear extracts (50 g) and from the cytoplasmic fraction (50 g) from livers of control and hGK-KO mice were subjected to SDS-PAGE analysis on a 10% gel. Protein concentration was determined using the Bradford method (Bio-Rad) using bovine serum albumin as a standard. Proteins were electrotransferred onto Hybon C nitrocellulose membrane (Amersham Biosciences). SREBP-1 was detected with a mouse monoclonal antibody (SREBP-1 Ab-1, dilution 1:1000, NeoMarkers, Interchim) raised against amino acids 301-407 of human SREBP-1, for 4 h. Detection of signals was performed using the ECL Western blot detection kit (Pierce) with anti-mouse horseradish peroxidase-conjugated IgG (dilution 1:10,000, Pierce) as second antibody. Monoclonal mouse ␤-actin (Sigma, clone AC.74, dilution 1:1000) and polyclonal rabbit Lamin A/C (Cell Signaling Technology, dilution 1:1000) antibody were used as loading controls to normalize the signal obtained respectively for membrane and nuclear SREBP-1 protein.
Staining Techniques-To detect the presence of lipids droplets, hepatocytes transfected with either ChREBP or scrambled siRNA were fixed at the end of the culture period with 6% formaldehyde in phosphatebuffered saline and stained with oil red O (28) .
Statistical Analyses-Results are reported as mean Ϯ S.E. The comparison of different groups was carried out using unpaired Student's t test. Differences were considered statistically significant at p Ͻ 0.05. 
RESULTS

Glycolytic and Lipogenic Gene Expression Is Not Induced by High Carbohydrate Refeeding in Liver of hGK-KO Mice-To
5Ј-ATGGCACTGGCGGCAGGTCC-3Ј
125 Antisense
5Ј-TTGCCATTCCTGGACCCAAA-3Ј
Hexokinase II Sense
5Ј-AACCGAACAAGCTGGTGTAC-3Ј
202 Antisense
5Ј-TGCACACATCTATAGGTGGC-3Ј
Hexokinase I Sense
5Ј-TCTCCAGAATCATGGACCA-3Ј
155 Antisense
5Ј-GATCCTGCTCTTAGGCGTTC-3Ј
ChREBP Sense
5Ј-CTGGGGACCTAAACAGGAGC-3Ј
5Ј-GAAGCCACCCTATAGCTCCC-3Ј
Glucokinase Sense
5Ј-CCCTGAGTGGCTTACAGTTC-3Ј
143 Antisense
5Ј-ACGGATGTGAGTGTTGAAGC-3Ј
SREBP-1 Sense
5Ј-AACGTCACTTCCAGCTAGAC-3Ј
187 Antisense
5Ј-CCACTAAGGTGCCTACAGAGC-3Ј
FAS Sense
5Ј-TTCCAAGACGAAAATGATGC-3Ј
137 Antisense
5Ј-AATTGTGGGATCAGGAGAGC-3Ј
L-PK Sense
5Ј-CTTGCTCTACCGTGAGCCTC-3Ј
122 Antisense
5Ј-ACCACAATCACCAGATCACC-3Ј
ACC Sense
5Ј-AGCAGATCCGCAGCTTG-3Ј
97 Antisense
5Ј-ACCTCTGCTCGCTGAGTGC-3Ј
determine whether the lack of hepatic GK impairs the acute regulation of glycolytic and lipogenic genes by a high carbohydrate (HCHO) diet, we first performed fasting and HCHO refeeding studies in control and hGK-KO mice. In livers of control mice, GK, SREBP-1, L-PK, ACC, FAS, and Spot 14 mRNA concentrations were low after a 24-h fast but were markedly increased upon HCHO refeeding (Fig. 1A) . Similarly, mRNA levels for SREBP-1, L-PK, ACC, FAS, and Spot 14 were low in liver of 24-h fasted hGK-KO mice (Fig. 1A) . However, in contrast to control mice, HCHO refeeding did not induce L-PK, ACC, FAS, and Spot 14 gene expression in liver of hGK-KO mice, despite a normal induction in SREBP-1 gene expression (Fig. 1A) . SREBP-1c is synthesized as a precursor form anchored within the endoplasmic reticulum, and since its activation requires a proteolytic cleavage allowing the transcriptionally mature active part of SREBP-1c to be translocated into the nucleus (29), we examined precursor and nuclear SREBP-1c protein levels in liver of control and hGK-KO mice previously used for mRNA analysis (Fig. 1B) . We used an antibody that recognizes both SREBP-1 isoforms (-1a and -1c), but since liver predominantly expresses SREBP-1c (30), we assumed that the signal obtained in liver of control and hGK-KO mice was mainly due to the expression of the isoform 1c. Precursor levels of SREBP-1c were low in both control and hGK-KO mice after a 24-h fast, and increased to similar levels upon HCHO refeeding (Fig. 1B) . Mature SREBP-1c, which was not detectable in nuclear fractions from 24-h fasted control and hGK-KO mice, was also induced to comparable levels in nuclear extracts from 18-h refed control and hGK-KO mice (Fig. 1B) . Thus, the lack of induction of glycolytic and lipogenic genes in liver of hGK-KO mice was not due to an altered maturation of SREBP-1c. Plasma insulin concentrations in both groups of mice were similar either in the fasted (342 microunits/ml Ϯ 50.6 for control versus 285 microunits/ml Ϯ 30.2 for hGK-KO mice) or in the refed state (450 microunits/ml Ϯ 122.5 for control versus 631 microunits/ml Ϯ 231.8 for hGK-KO mice). Moreover, in order to check the nutritional status of the mice we also measured mRNA levels of the L-CPT I (Fig. 1A) , a gene known to be induced during starvation and repressed by HCHO refeeding (27, 31) . In livers of control and hGK-KO mice, L-CPTI mRNA concentrations were markedly increased after a 24-h fast and were similarly repressed upon HCHO refeeding (Fig. 1A) , demonstrating that both groups of mice were correctly refed.
These results demonstrate (i) that the absence of GK in the liver of hGK-KO mice prevents the induction of glycolytic and lipogenic gene expression after HCHO refeeding and (ii) that glucose phosphorylation through GK is not necessary for SREBP-1c gene expression, maturation, and for its nuclear abundance.
Adenovirus-mediated Overexpression of SREBP-1c in Liver of Control and hGK-KO Mice-To determine whether SREBP1c, when it is overexpressed at higher than physiological levels, is able to induce glycolytic and lipogenic gene expression in the absence of GK, we overexpressed the transcriptionally active form of SREBP-1c (Ad-SREBP-1c) in livers of 24-h fasted control and hGK-KO mice using an adenovirus strategy. As previously described, the injection of SREBP-1c adenovirus (10 9 pfu) results in a marked expression of the transgene in liver ( Fig. 2A) (32) , whereas its expression remains undetectable in other tissues (data not shown). While glycolytic and lipogenic gene expression remained low in livers of 42-h fasted control and hGK-KO mice ( Fig. 2A) , overexpression of SREBP-1c for 18 h markedly stimulated the expression of GK and FAS in the liver of fasted control mice. Surprisingly, it also led to a marked stimulation of FAS expression to comparable levels than con- Control and hGK-KO mice were divided into two groups. One group was fasted for 24 h, and the refed group was fasted for 24 h and then refed for 18 h with a HCHO diet (see "Experimental Procedures"). Total RNA was extracted and analyzed for the expression of GK, L-PK, FAS, ACC, Spot 14, SREBP-1, and L-CPT I with the indicated 32 P-labeled cDNA probes. Representative Northern blots are shown. Ethidium bromide stained 18 S RNA were used as loading controls to normalize the signal obtained for a given gene, n ϭ 2-3/group. B, Western blot analysis of SREBP-1 protein in membrane and nuclear extracts from livers of fasted and refed control and hGK-KO mice. Membrane and nuclear extracts were prepared from 24-h fasted and 18-h HCHO refed control and hGK-KO mice. Proteins from membrane (p SREBP-1, 125 kDa) and nuclear (m SREBP-1, 68 kDa) forms of SREBP-1 were separated electrophoretically, transferred to nitrocellulose membrane, and reacted with a SREBP-1 antibody. ␤-Actin (44 kDa) and Lamin A/C (70 kDa) antibody were used as loading controls to normalize the signal obtained respectively for membrane and nuclear SREBP-1 protein. A representative Western blot is shown, n ϭ 2-3/group. trols in the liver of fasted hGK-KO mice, despite the lack of GK and for similar levels of SREBP-1c overexpression (Fig. 2A) . No expression of either GK or FAS was observed after the injection of 10 9 pfu of Ad-null for 18 h in control mice ( Fig. 2A) . Despite marked overexpression of SREBP-1c in liver, G6P, and glycogen levels remained low in Ad-SREBP-1c-injected control and hGK-KO mice, compared with values obtained in a force-fed controls, and was comparable to values normally measured after a 24-h fast or in livers of force-fed hGK-KO mice (Fig. 2,  B and C) .
These results contrast to what was observed in Fig. 1A but can be explained by the fact that when SREBP-1c is overexpressed to higher than physiological levels, a direct induction of FAS gene expression occurs in both control and hGK-KO-fasted mice, independently of a GK-dependent increase in hepatic glucose metabolism.
Decreased ChREBP Gene Expression after a High Carbohydrate Refeeding in Livers of hGK-KO Mice-ChREBP was identified in hepatocytes as a major mediator of glucose action on gene expression (20, 33) . To determine whether the lack of induction of glycolytic and lipogenic gene expression in livers of hGK-KO mice after HCHO refeeding could be due to an alteration in ChREBP gene expression, we measured by RT-PCR the relative mRNA levels of ChREBP in livers of fasted and refed control and hGK-KO mice (Fig. 3) . In liver of control mice, ChREBP mRNA concentrations were low after a 24-h fast but were increased by about 6-fold upon HCHO refeeding. Similarly, mRNA levels of ChREBP were low in liver of 24-h fasted hGK-KO mice (Fig. 3) . However, in contrast to control mice, HCHO refeeding only induced ChREBP gene expression by 2-fold in livers of hGK-KO mice. In addition, we measured the mRNA levels of ChREBP in livers of control and hGK-KO mice previously fasted for 24 h and then injected 18 h with the Ad-SREBP-1c (Fig. 3) . In this situation in which glucose metabolism is low (Fig. 2, B and C) , there is no difference in ChREBP gene expression between control and hGK-KO mice (Fig. 3) , although GK is induced by SREBP-1c overexpression in control mice (Fig. 2A) . These results suggest that GK-mediated glucose phosphorylation is necessary for ChREBP gene expression in liver, and that SREBP-1c does not control ChREBP gene expression.
Altered expression of GK in control hepatocytes at 5 mM, whereas, as expected, no expression of GK was detectable in hepatocytes from hGK-KO mice (Fig. 4A) . Similar results were obtained at 25 mM glucose (data not shown).
HKI-III also catalyze the phosphorylation of glucose to G6P, but markedly differ from GK in terms of glucose affinity, kinetic, and subcellular localization (34) . Thus, we also sought to determine whether the expression of any of these hexokinases was increased by SREBP-1c overexpression. Surprisingly, realtime quantitative PCR (RT-PCR) analysis revealed that HKII gene expression was increased by about 80-fold after 24 h of SREBP-1c overexpression, in hepatocytes from control and hGK-KO mice (Fig. 4B) . This marked induction is independent of the glucose concentration since it was comparable in hepatocytes incubated in either 5 or 25 mM glucose (Fig. 4B) . SREBP-1c overexpression had no effect on HKI gene expression (Fig. 4B) .
The consequences of SREBP-1c overexpression were also apparent when enzyme activities were measured (Fig. 5A) . In control hepatocytes cultured at 5 mM glucose, GK activity increased in parallel with GK gene expression throughout the time course of SREBP-1c overexpression. As expected, no GK activity was measured in hGK-KO-cultured hepatocytes. However, SREBP-1c overexpression at 24 h increased total HK activity to higher levels in hGK-KO than in control hepatocytes (a 10-fold increase compared with a 4-fold increase in controls), probably due to the existence of potential compensatory mechanism(s) caused by the lack of GK in these hepatocytes (Fig.  5A) . Similar results were obtained at 25 mM glucose (data not shown). The higher increase in total HK activity in hGK-KO hepatocytes was not due to higher HKII protein content, which was found to be identical in both control and hGK-KO hepatocytes, 24 h after the adenoviral infection (data not shown). These results suggest that HKII could be preferentially bound to the mitochondria in hGK-KO hepatocytes. This interaction is thought to facilitate glycolysis, allowing HK to use ATP directly generated by the mitochondria, thus ensuring an overall rate of glucose metabolism (34) .
To determine the functional consequences of SREBP-1c overexpression on glucose metabolism, G6P, and glycogen content was measured in cells infected with Ad-SREBP-1c (Fig. 5, B and C). Adenovirus-mediated overexpression of SREBP-1c in control hepatocytes cultured in 5 mM glucose induced a timedependent increase in G6P concentrations. This increase was potentiated at 25 mM glucose since G6P concentrations were about 30% higher than when control hepatocytes were cultured at 5 mM glucose (Fig. 5B) . This increase in G6P concentrations in control hepatocytes was concomitant with the increase in GK gene expression and GK activity (Figs. 4A and 5A ). In contrast, the absence of GK in hGK-KO-infected hepatocytes had a dramatic effect on their ability to synthesize normal G6P content at both glucose concentrations tested and for comparable levels of SREBP-1c overexpression (Fig. 5B) . Indeed, only a small increase in G6P concentration was measured in hGK-KO hepatocytes throughout the time course of the adenoviral infection at either 5 or 25 mM glucose and no potentiating effect of glucose was observed (Fig. 5B) . Although HK activity was markedly increased in hGK-KO-infected hepatocytes, G6P levels measured never reached the levels measured in control hepatocytes, suggesting that phosphorylating activity from low K m HKs is not able to compensate for the lack of GK in hGK-KO hepatocytes.
Glycogen synthesis was low in both control and hGK-KO hepatocytes incubated at 5 mM glucose (Fig. 5C ). Glycogen accumulation greatly increased in a time-dependent manner in control hepatocytes incubated at 25 mM glucose (Fig. 5C ). In contrast, accumulation of glycogen was markedly diminished in hGK-KO hepatocytes compared with controls cultured at 25 mM glucose, during the time course of the adenoviral infection (Fig. 5C ). Although SREBP-1c was overexpressed to similar levels, glycogen deposition in response to increasing doses of glucose was decreased by about 60% in hGK-KO hepatocytes at all times examined (Fig. 5C ). These results confirm the pivotal role of hepatic GK in controlling glucose metabolism, and particularly glycogen synthesis in liver.
Regulation of Glycolytic and Lipogenic Gene Expression in Cultured Control and hGK-KO Hepatocytes
Overexpressing SREBP-1c-To address the importance of the synergistic action of SREBP-1c and GK-mediated glucose phosphorylation on glycolytic and lipogenic gene induction, we next measured the expression of glucose-regulated genes in SREBP-1c-infected hepatocytes. In control hepatocytes incubated at 5 mM glucose, SREBP-1c overexpression induced the expression of L-PK, FAS, ACC, and Spot 14 (Fig. 6) . Overexpression of SREBP-1c to similar levels in hGK-KO hepatocytes, incubated in glucose 5 mM, induced to similar levels of the controls FAS, ACC, and Spot 14 gene expression (Fig. 6) . In contrast to FAS, ACC, and Spot 14, only a small induction of L-PK gene expression by SREBP-1c overexpression was observed in hGK-KO hepatocytes cultured in 5 mM glucose. The level of L-PK mRNA never reached the level measured in control hepatocytes at 5 mM glucose (Fig. 6) . The induction of L-PK (ϩ66%), FAS (ϩ71%), ACC (ϩ118%), and Spot 14 (ϩ94%) measured at 24 h is greatly potentiated in the presence of 25 mM glucose in control-infected hepatocytes (Fig. 6) , thereby indicating that both glucose and SREBP-1c, acting in combination, have a strong synergistic effect on the expression of these genes. In contrast, in infected hGK-KO hepatocytes, there is no potentiating effect of glucose on L-PK, FAS, ACC, and Spot 14 gene expression at high glucose concentration, demonstrating that the signaling of glucose is lost in absence of GK in these hepatocytes.
FIG. 3. Analysis of ChREBP gene expression in livers of fasted and refed control and hGK-KO mice.
Control and hGK-KO mice were divided into two groups. One group was fasted for 24 h, and the refed group was fasted for 24 h and then refed for 18 h with an HCHO diet (see "Experimental Procedures"). In addition, 24-h fasted control and hGK-KO mice were injected with 10 9 pfu of SREBP-1c adenovirus (Ad-SREBP-1c). Mice were also studied 18 h later. Total RNA was extracted and analyzed for ChREBP gene expression by real time quantitative PCR, using primers listed in Table I . Results are presented as the mean Ϯ S.E., n ϭ 3-5/group. *, significantly different from 18-h refed hGK-KO compared with refed controls (p Ͻ 0.05). Results were normalized to cyclophilin mRNA values.
ChREBP Gene Expression and X5P Concentrations Are Decreased in Hepatocytes from hGK-KO Mice-To determine
whether the loss of the glucose effect observed on the expression of L-PK, FAS, ACC, and Spot 14 in SREBP-1c-infected hGK-KO hepatocytes was due to an alteration in ChREBP expression we measured by RT-PCR the relative mRNA levels of ChREBP in control and hGK-KO hepatocytes cultured in either 5 or 25 mM glucose (Fig. 7A) . Expression of ChREBP was decreased by 50% in hGK-KO hepatocytes compared with controls (Fig. 7A) . Incubation with a high glucose concentration stimulated ChREBP gene expression by about 1.5-fold in control hepatocytes (Fig. 7A) when GK activity is induced by SREBP-1c overexpression (Fig. 5A) . In contrast, in the absence of GK activity, no stimulatory effect of glucose was observed in hGK-KO hepatocytes incubated in the presence of 25 mM glucose and ChREBP mRNA remained lower than what was measured in control hepatocytes incubated at both 5 or 25 mM glucose (Fig. 7A) . These results confirm that glucose metabolism via GK is important for the short and long term regulation of ChREBP gene expression in hepatocytes (Fig. 7A) .
Because it has been recently suggested that X5P is the glucose signaling compound necessary for ChREBP activation and for the induction of glycolytic and lipogenic gene expression in liver (35) , X5P content was measured in 24 h Ad-SREBP-1c-infected control and hGK-KO hepatocytes cultured at 25 mM (Fig. 7B) . SREBP-1c overexpression induced a similar increase in X5P concentrations in control hepatocytes cultured at both 5 and 25 mM glucose (Fig. 7B) . In contrast, only a moderate increase in X5P concentrations was measured in hGK-KO hepatocytes (Fig. 7B) . Based on previously published observations (35), our results suggest that the possible lack of activation of ChREBP by X5P in hGK-KO hepatocytes may explain the loss of the glucose effect observed at high glucose concentrations. insulin without SREBP-1c overexpression in order to mimic a more physiological context. After ChREBP gene silencing, hepatocytes were incubated for 24 h in the presence of 5 or 25 mM glucose with or without insulin (Fig. 8) .
Inhibition of ChREBP Gene Expression by siRNA Prevents Glycolytic and Lipogenic Gene Induction by Glucose in Control
In non-transfected hepatocytes, incubation with high glucose concentration (25 mM) and insulin stimulated ChREBP gene expression by 3.5-fold (Fig. 8A) . Interestingly, glucose alone or low glucose plus insulin had no stimulatory effect on ChREBP gene expression (Fig. 8A) . These results confirm, as previously observed (Fig. 7A) , that glucose metabolism is necessary for the induction of ChREBP gene expression in hepatocytes. In contrast, ChREBP gene induction by high glucose and insulin concentration was reduced by 60% when control hepatocytes were transfected with ChREBP siRNA (Fig. 8A) . In fact, under those conditions, the stimulatory effect of glucose was no longer observed, because ChREBP mRNA levels were similar in ChREBP siRNA-transfected hepatocytes cultured at both 5 or 25 mM glucose with insulin (Fig. 8A) . ChREBP gene expression was appropriately induced by high glucose and insulin concentration in hepatocytes transfected with scrambled siRNA (Fig. 8A) .
We next measured the expression of glucose-regulated genes by RT-PCR. In non-transfected or scrambled siRNA transfected hepatocytes, the induction of L-PK (ϩ166%) (Fig. 8B) , FAS (ϩ188%) (Fig. 8C) and ACC (ϩ200%) (Fig. 8D ) was greatly potentiated in hepatocytes cultured with 25 mM glucose and insulin compared with those incubated in the presence of 5 mM glucose plus insulin. In contrast, in ChREBP siRNA-transfected hepatocytes cultured at 25 mM glucose plus insulin, only a marginal potentiating effect of glucose on L-PK (ϩ11%) (Fig.  8B) , FAS (ϩ5%) (Fig. 8C) , and ACC (ϩ15%) (Fig. 8D) gene expression was observed. Indeed, relative mRNA levels of these genes were equivalent to those measured in control hepatocytes incubated at 5 mM glucose with or without insulin. The effect of ChREBP siRNA was specific to L-PK, FAS, and ACC because insulin-dependent genes, SREBP-1 (Fig. 8E) and GK (Fig. 8F) were normally induced by insulin in ChREBP siRNAtransfected hepatocytes, regardless of the glucose concentration. In addition, both precursor and mature forms of SREBP-1c protein were appropriately expressed in ChREBP siRNA transfected hepatocytes compared with both control and scrambled transfected hepatocytes (data not shown), demonstrating that the loss of glucose effect observed is exclusively due to ChREBP gene silencing.
Finally, we investigated whether the inhibition of ChREBP gene expression by siRNA had functional effects in terms of lipid synthesis. Culture for 24 h in the presence of 5 mM glucose plus insulin did not lead to lipid accumulation in scrambled siRNA-transfected hepatocytes (Fig. 9) . Similar results were obtained with ChREBP siRNA (data not shown). In contrast, in FIG. 5 . Effect of SREBP-1c overexpression on GK and HK activity, and on glucose metabolism in cultured hepatocytes from control and hGK-KO mice. After plating, hepatocytes were cultured for 24 h in the presence of 5 mM glucose. Cells were then incubated with either 5 or 25 mM glucose with 1 pfu/cell of Ad-SREBP-1c. After 6, 10, and 24 h GK and HK activities at 5 mM glucose (A), G6P (B), and glycogen (C) concentrations were determined. Results are the mean Ϯ S.E. from values obtained from three independent cultures. A, * indicates that total HK activity was greater, at 5 mM glucose, in hGK-KO hepatocytes than in control hepatocytes 10 and 24 h after the adenoviral infection (p Ͻ 0.05). B and C, * indicates that the accumulation of G6P and glycogen in control hepatocytes was greater at 25 mM glucose than in 5 mM glucose (p Ͻ 0.001). B and C, # indicates that G6P and glycogen concentrations were significantly greater in control hepatocytes than in hGK-KO hepatocytes cultured in 25 mM glucose (p Ͻ 0.005). C, § indicates that glycogen concentration at 25 mM glucose is significantly greater in hGK-KO compared with control hepatocytes cultured in 5 mM glucose (p Ͻ 0.005).
the presence of 25 mM glucose plus insulin, red-colored lipid droplets were clearly visible in scrambled siRNA-transfected hepatocytes. In contrast, lipid accumulation was largely prevented in ChREBP siRNA-transfected hepatocytes cultured at 25 mM glucose plus insulin (Fig. 9 ). These findings demonstrate that the decreased in ChREBP gene expression in control hepatocytes partially preclude lipid synthesis even in the presence of high glucose concentration. All together our results demonstrate the direct implication of ChREBP in glucose action on endogenous glycolytic (L-PK) and lipogenic (FAS, ACC) gene expression in hepatocytes.
DISCUSSION
Although SREBP-1c has emerged in the past years as a major mediator of insulin action on glycolytic and lipogenic gene expression (7), the extent to which glucose metabolism contributes to its transcriptional effect has not been directly demonstrated. By making use of hepatic GK-KO mice (6), we have shown that glucose metabolism via GK is of primary importance for the maximal induction of glycolytic and lipogenic gene expression in liver. Indeed, in the absence of GK, glycolytic and lipogenic genes are not induced after HCHO refeeding in livers of hGK-KO mice, even in the presence of normal levels of nuclear SREBP-1c protein.
Effect of Adenovirus-mediated Overexpression of Mature SREBP-1c on GK and HKII Gene
Expression-By overexpressing a dominant positive form of SREBP-1c in control and hGK-KO hepatocytes cultured at either 5 or 25 mM glucose, we were able to examine the relative contribution of glucose metabolism to SREBP-1c action. We found, as previously reported in rat studies (11, 32) , that forced expression of a mature form of SREBP-1c induces GK gene expression and activity both in vivo and in cultured hepatocytes from control mice. Surprisingly, we also showed that overexpression of SREBP-1c stimulates the expression of HKII in cultured hepatocytes from control and hGK-KO mice, but not the one of HKI. Recent studies also reported the stimulation of HKII gene expression by SREBP-1c in rat contractile myotubes (36) and human muscle cells (37) , but to our knowledge, it is the first report of an insulin-like effect on hepatic HKII gene expression. The fact that putative SRE elements have been identified on the promoter sequence of the rat HKII gene (38) is in agreement with our data, but contrasts with the study of Sebastian et al. (39) in which only transgenic mice overexpressing SREBP-1a, but not SREBP-1c, showed markedly elevated levels of HKII mRNA in liver. This could be caused by the fact that SREBP-1a is a more potent transcriptional activator than SREBP-1c (40), and when SREBP-1a is overexpressed to higher than physiological levels, it may interact with genes that are not usually its targets. Our study together with the one of Sebastian et al. (39) indicates that the isoforms of SREBP-1 may have an important role in regulating expression of HKII in liver.
Altered Glucose Metabolism in hGK-KO Hepatocytes Overexpressing SREBP-1c-We have shown that GK is critical for the increased synthesis of G6P and glycogen in response to glucose and SREBP-1c. When SREBP-1c is overexpressed, hGK-KO hepatocytes cultured in the presence of 25 mM glucose, show a marked impairment in their ability to synthesize glycogen even when total HK activity is increased to higher levels than in control hepatocytes. Previous studies have demonstrated that adenovirus-mediated overexpression of GK, but not of HKI, has a potent effect on glycogen synthesis in primary cultured hepatocytes (5, 41) , and that only G6P produced by overexpressed GK is glycogenic because it effectively promotes the activation of glycogen synthase. It is clear from our studies that the low K m HKs did not fully compensate the absence of GK for the normal synthesis of G6P and glycogen in response to high glucose concentration. Thus, the ability of the hepatocytes to efficiently synthesize G6P and glycogen is directly dependent on GK activity and not on HK activity. These data are consistent with studies in which hepatic GK was overexpressed in transgenic mice (2) (3) (4) and further support a key role for hepatic GK in maintaining glucose homeostasis. In addition, the recent finding that allosteric activators of hepatic GK improve glucose tolerance and increase hepatic glucose uptake (42) confirms that GK has a high control strength on hepatic glucose metabolism (43) .
Synergistic Action of Glucose Metabolism via GK and SREBP-1c on Gene Expression-SREBP-1c has been previously identified as a major mediator of insulin action on lipogenic gene expression as revealed by knockout and transgenic mouse studies (7) . Indeed, SREBP-1c knockout mice have an impaired ability to induce lipogenic gene expression after a HCHO refeeding (44) and in transgenic mice that specifically overexpress SREBP-1c in liver, the rate of lipogenesis increases as well as the level of lipogenic gene expression (40, 45) . The fact that SREBP-1c, when overexpressed, is able to induce ACC, FAS, or Spot 14 to comparable levels in control and hGK-KO hepatocytes cultured in 5 mM glucose or FAS in the liver of fasted control and hGK-KO mice, suggests a direct stimulatory action of SREBP-1c. In a physiological situation (i.e. refeeding on an HCHO diet) the direct action of SREBP-1c may still occur but, in the absence of glucose metabolism, it is not sufficient by itself to induce glycolytic and lipogenic gene expression. Indeed, even under overexpression conditions, the effect of SREBP-1c on L-PK, FAS, ACC, and Spot 14 gene expression is greatly potentiated by elevated glucose concentrations, but only in hepatocytes in which GK expression allows increased rates of glucose metabolism (i.e. G6P and glycogen synthesis). These results are in agreement with the fact that for FAS, ACC, and Spot 14 genes, independent binding sites for SREBP-1c (SRE) (14, 16, 46) and for a carbohydrate responsive factor (ChoRE) (16, 17, 19) have been identified. Together, these studies confirm that the effect of SREBP-1c on glucoseresponsive genes reflects its role as a mediator of insulin action rather than a possible involvement in the glucose signaling pathway. In contrast to FAS and, to a lesser extent to ACC and Spot 14, SREBP-1c overexpression only induces a marginal induction in L-PK gene expression in hGK-KO hepatocytes cultured in presence of either 5 or 25 mM glucose (Fig. 6 ). This suggests that the induction of L-PK, as previously observed by Stoeckman and Towle (47) in rat hepatocytes overexpressing SREBP-1c, is more dependent on glucose metabolism than on SREBP-1c overexpression itself. Indeed, transfection analysis of the L-PK promoter in primary rat hepatocytes led to the identification of a ChoRE that confers an insulin-independent glucose response (48, 49) . Therefore, glucose metabolism via GK and SREBP-1c, in combination, exert a synergistic effect on the expression of glycolytic and lipogenic genes. Furthermore, if SREBP-1c is directly implicated in the physiological regulation of GK (11), the impaired glucose response of the glycolytic and lipogenic genes in liver of both SREBP-1-null mice (44, 50) and SREBP cleavage-activating protein (SCAP)-null mice (51), could result more from the deficiency in GK expression than from the direct deletion in SREBP-1 in liver of these mice. This hypothesis could explain why glycolytic and lipogenic genes are not induced in the liver of HCHO refed hGK-KO mice despite normal levels of mature SREBP-1c protein.
Role of Glucose in the Stimulatory Effect of SREBP-1c-The fact that SREBP-1c alone is not sufficient to account for the maximal stimulatory effect of glycolytic and lipogenic genes expression, raises the question of the specific role of glucose in Table I (A) . Results were normalized to cyclophilin mRNA values. After 24 h, X5P (B) concentrations were determined. Results were obtained from three independent cultures and are represented as mean Ϯ S.E. A, * indicates that ChREBP mRNA levels were greater at 25 mM glucose than at 5 mM glucose in control hepatocytes (p Ͻ 0.05). A, # indicates that ChREBP mRNA levels in hGK-KO hepatocytes measured at 25 mM glucose were lower than in controls (p Ͻ 0.05). B, * indicates that X5P concentrations were significantly greater in control hepatocytes than in hGK-KO hepatocytes cultured in 5 mM glucose (p Ͻ 0.05). B, # indicates that X5P concentrations were significantly greater in control hepatocytes than in hGK-KO hepatocytes cultured in 25 mM glucose (p Ͻ 0.05).
this activation. The first possibility is the recruitment of a potential glucose-responsive transcription factor that would mediate the glucose signal and act in synergy with SREBP-1c. The recent identification and purification of ChREBP, based on its capacity to bind to the ChoRE of the L-PK promoter (20) has shed light on the possible mechanism whereby glucose affects gene transcription. We have therefore addressed whether the induction of glycolytic and lipogenic gene expression in our experiments could be accounted for by the dual effect of SREBP-1c overexpression and of endogenous ChREBP expression. We found that glucose stimulates the expression of ChREBP in control hepatocytes (both in vivo and in vitro), as also recently demonstrated in INS-1 cells (52) and in 3T3-L1 adipocytes (53) . Our results provide the first direct evidence that GK, and consequently glucose metabolism, are necessary for the appropriate expression of ChREBP in hepatocytes. More importantly, decreased ChREBP gene expression in control hepatocytes using small interfering RNA results in a loss of glucose effect on endogenous glycolytic (L-PK) and lipogenic (FAS, ACC) gene expression, demonstrating the direct implication of ChREBP in glucose-induced gene induction by glucose. These results are in agreement with other studies (33, 35, 52) in which ChREBP was described as essential for L-PK gene transcription. However, our data demonstrate for the first time the direct implication of ChREBP in mediating glucose effect on endogenous lipogenic genes such as FAS and ACC in hepatocytes and in the process of lipid synthesis. Our data reinforce the idea that ChREBP plays a crucial role in regulating short term carbohydrate metabolism and fat synthesis.
The discovery of ChREBP and its potential role in glucose action raises the question of the intracellular signaling pathway that is responsible for its activation by glucose. It has been recently proposed that the activity of ChREBP requires a mechanism of phosphorylation/dephosphorylation, which is determined by the relative activity of protein phosphatase 2A (PP2A), regulated by X5P concentrations (35) . We have shown that increased glucose metabolism via GK is necessary for the generation of this signal. Indeed, the decrease of glucose metabolism and X5P concentrations in hGK-KO hepatocytes cultured at 25 mM glucose could explain the loss of glucose effect FIG. 8 . Effects of ChREBP gene silencing on glycolytic and lipogenic genes expression in cultured hepatocytes. After plating, control hepatocytes were cultured for 24 h in the presence of 5 mM glucose. Hepatocytes were then transfected with 200 pmol of ChREBP or scrambled siRNA and incubated for 24 h with 100 nM insulin and 100 nM dexamethasone, in the presence of 5 mM glucose. After ChREBP gene silencing, hepatocytes were incubated in the presence of 5 or 25 mM glucose with 100 nM insulin and 100 nM dexamethasone. After 24 h, total RNA was extracted and analyzed for ChREBP (A), L-PK (B), FAS (C), ACC (D), SREBP-1 (E), and GK (F) gene expression by real-time quantitative PCR, using primers listed in Table I . Results were normalized to cyclophilin mRNA values. Results are the mean Ϯ S.E. from values obtained from four independent cultures. A-D, * indicates that the expression of these genes was greater at 25 mM glucose than at 5 mM glucose in either non-transfected or scrambled siRNA-transfected hepatocytes (p Ͻ 0.005). A-D, # indicates that the expression of these genes measured at 25 mM glucose was lower in ChREBP siRNA-transfected hepatocytes than in non-transfected or scrambled siRNA-transfected hepatocytes (p Ͻ 0.05). E and F, § indicates that the expression of these genes measured at 5 or 25 mM glucose was greater in the presence of 100 nM insulin than without insulin (p Ͻ 0.01).
observed on glycolytic and lipogenic gene expression probably caused by the defect of ChREBP recruitment. Although SREBP-1c and ChREBP may not exclusively account for controlling the insulin/glucose pathways, our results support the model in which these two transcriptions factors play a determinant role in the dietary induction of glycolytic and lipogenic genes (54) .
Finally, as previously shown by others (13, 55), we have observed that glucose refeeding can activate the proteolytic cleavage of SREBP-1c and increase its nuclear availability. Therefore, the possibility that glucose plays a role in the maturation of SREBP-1c has been previously suggested. Hasty et al. (56) have shown that the amount of precursor and mature forms of SREBP-1c protein are positively regulated by high glucose concentrations in the mouse hepatoma H2-35 cell line, but whether glucose affects SREBP-1c maturation in liver has never been demonstrated (57) . The fact that the amount of nuclear SREBP-1c protein is similar in nuclear fractions from refed control and hGK-KO mice upon HCHO refeeding does not support a role of glucose or, at least of glucose metabolism, in the processing of SREBP-1c. In fact, our results further support a role for insulin in regulating SREBP-1c gene expression. A better understanding of how SREBP-1c expression and processing are modulated by insulin signaling is clearly an important area that requires further study.
In conclusion, we have clearly demonstrated that glucose metabolism via GK is necessary for the transcriptional effect of SREBP-1c on L-PK, FAS, ACC, and Spot 14 gene expression, further underlying the key role of hepatic GK in this nutritional induction pathway. Moreover, we have demonstrated that ChREBP plays an essential role in the regulation of L-PK but also of genes involved in lipid metabolism such as FAS and ACC. Finally, our data support the hypothesis that glycolytic and lipogenic gene expression is synergistically regulated by SREBP-1c and glucose acting via ChREBP. FIG. 9 . Effects of selective gene silencing of ChREBP on lipid accumulation in cultured mouse hepatocytes. After plating, control hepatocytes were cultured for 24 h in the presence of 5 mM glucose. Hepatocytes were then transfected with 200 pmol of ChREBP or scrambled siRNA and incubated for 24 h with 100 nM insulin and 100 nM dexamethasone, in the presence of 5 mM glucose. After ChREBP gene silencing, hepatocytes were incubated in the presence of 5 or 25 mM glucose with 100 nM insulin and 100 mM dexamethasone. After 24 h, hepatocytes were washed extensively, fixed, counterstained with 4Ј,6-diamidino-2-phenylindole (blue, for nuclei) and stained for the presence of lipid droplets. Microscopic and fluorescent microscopic views of hepatocytes at a magnification of ϫ200 are shown.
